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Abstract 
Geological storage of CO2 is receiving growing attention by industry as an option to reduce CO2 emissions. For this, 
it is indispensable to develop geochemical models for the interaction of CO2 and incidental components like SO2 with 
formation rocks and brines. To establish such whole-rock models it is essential to have a good understanding of the 
chemical reactions, thermodynamic properties, and kinetic data of mono-mineral systems. In the German project 
“CO2 Purity for Capture and Storage (COORAL)” several institutes are working on the requirements for the purity of 
the CO2 stream during capture, transport, injection, and storage. Geochemical modeling and laboratory experiments 
on water-rock-gas interactions are carried out to improve understanding of mineral alteration processes. In whole-
rock models of a generic Buntsandstein (sandstone), short-term precipitation of anhydrite occurred when SO2 was 
present. Furthermore, increasing feldspar dissolution and related illitisation reactions for the system CO2-SO2 in 
comparison to pure CO2 are of importance.  
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1. Introduction 
A lot of research has been carried out regarding mineral reactions within storage horizons (e.g. saline 
aquifers and depleted gas reservoirs) under the supply of CO2 into the formation water due to CO2 storage 
operations [1]. However, the exact composition of CO2 streams to be stored may vary depending on the 
CO2 origin and the capture processes. It is therefore essential to quantify the possible geochemical effects 
of the incidental associated components within the CO2 stream. In the German research project COORAL 
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(“CO2 Purity for Capture and Storage”) a number of institutions are working towards a better 
understanding of environmentally and economically feasible concentrations of the ”impurities” during 
CO2 capture, transport, injection and geological storage [2]. The sub-project which is presented here is 
carried out at the Federal Institute for Geosciences and Natural Resources and includes laboratory work 
using high-pressure (200 bar), high-temperature (80 and 120°C) and saline fluid (150 g/l NaCl) 
experiments on mono-mineral systems reproducing the geological CO2 storage in saline aquifers [3]. 
Besides with pure CO2, the experiments are carried out for binary gas mixtures of CO2 with sulfur dioxide 
or oxygen. Following the experimental setup, geochemical modeling (software code PhreeqC [4]) is 
accomplished for mono-mineral systems (e.g. calcite and siderite). In addition, whole rock models are run 
for an average composition of Buntsandstein sediments of Triassic age that exhibit good reservoir 
properties under certain conditions and therefore may offer a suitable candidate formation for CO2 
geological storage. The aim of geochemical modeling in COORAL is the description of mineral alteration 
processes that are linked to the presence of CO2 and/or incidental components (e.g. SO2). The 
consideration of mono-mineral systems and the integration of specific mineral reaction rates that are 
derived from laboratory experiments and are included in the database should contribute to fill the gaps in 
geochemical databases concerning the incidental components. These mono-mineral systems will also be 
used for testing of different modeling approaches (e.g. using various thermo-kinetic databases and 
estimates for gas solubility). One focus of this paper is the implementation of SO2 solubility into saline 
formation water under high temperature and pressure conditions according to the experimental setup 
described above. The influence of the gas “availability” on mineral reactions within a multi-mineral 
system (Buntsandstein sandstone) is investigated using kinetic and thermodynamic equilibrium batch 
modeling (closed system approach). 
2. Modeling setup 
The input data for kinetic modeling, required by the software code PhreeqC [4], is a defined primary 
mineral assemblage, i.e. mono-minerals or whole-rock compositions such as an average composition of 
Buntsandstein sandstones, which is listed in table 1.  
Table 1. Primary mineral assemblage, specific mineral surface areas (SSA), and fluid composition for geochemical modeling. 
Mineral [vol.-%] [mol/kgw] SSA [m²/g] Species [mmol/kgw] 
Albite 7.29 0.35 0.22 Al 0.01 
Anhydrite 1.59 0.17 0.42 Ca 93.9 
Calcite 0.82 0.11 0.99 Fe 1.84e-11 
Clinochlore-7A 1.10 0.02 7.95 K 3.32 
Dolomite 2.72 0.18 0.94 Mg 3.57 
Hematite 0.13 0.02 0.14 Na 258 
K-feldspar 10.0 0.44 0.22 Si 1.38 
Muscovite 1.55 0.05 7.21 Cl 293 
Quartz 74.8 15.6 0.01 C(4) 0.26 
    S(6) 2.54 
For all model runs, each primary mineral is a potential secondary mineral and is allowed to precipitate 
during reaction path modeling. To predict specific mineral reactions (given in table 1) which are related to 
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the presence of CO2 and/or SO2, the fluid composition was set in thermodynamic equilibrium with respect 
to primary mineral assemblage for a water saturated system. For kinetic modeling specific mineral surface 
areas were defined using a theoretical approach of ideal geometrical mineral shapes and sizes. A rock 
porosity of 15 vol.-% and an average rock density of 2.63 g.cm-3 were used for the simulations. The 
modeling was conducted for a reaction temperature of 120°C and a pressure of 200 bar. Furthermore, 
kinetic modeling requires the definition of specific mineral surface areas that are calculated based on ideal 
geometrical structures. 
The amount of CO2 and SO2 dissolved in water depends on the temperature, pressure and fluid 
salinity. References [5] and [6] developed an equation of state for the solubility of CO2 in saline fluids 
which is used for the present study. However, no fully developed equation of state for SO2 is available in 
literature for the chosen physicochemical conditions. To give an order of magnitude, the SO2 solubility 
was calculated using a temperature, pressure and salinity adjusted Henry constant.  
3. Results 
3.1. Solubility of SO2 
The solubility of SO2 in water can be described using the Henry-constant that depends on the gas 
partial pressure, the concentration of the gas in the aqueous phase and the fugacity coefficient [7]. The 
pressure and temperature dependence was calculated after the Krichevsky-Ilinskaya equation [8] that is 
valid for very high pressure, provided that the partial molar volume of SO2 for infinite dilution is nearly 
independent from pressure [7]. After [9] the solubility of SO2 is decreasing with increasing salinity and 
can be calculated by using the so-called Sečenov equation. Furthermore, the adjustment of the fugacity 
coefficient for real gases can be described with the second virial coefficients [10]. For the given 
temperature, pressure and salinity in this study the solubility of 99.9 % CO2 yields 1.01 mol/kgw and for 
0.10 % SO2 the solubility is 0.06 mol/kgw. 
3.2. Mineral reactions in whole-rock system 
The test scenarios comprise model “A” containing only SO2 and model “B” with a binary mixture of 
CO2 and SO2. The results are plotted in Fig. 1. Within the first seconds the pH drops down to 4.81 and 
4.11 for case A and B, respectively. This is caused by the input of CO2 and/or SO2 into the fluid, the 
formation of carbonic and H2SO3 acids and the consecutive dissociation to HCO3- and HSO3-, 
respectively. This initiates calcite to dissolve and a subsequent release of bicarbonate and Ca2+ into the 
solution, which are in turn consumed in addition to Mg2+ by dolomite. For both models the earliest long-
term reaction starts with the dissolution of K-feldspar and albite and the release of K+, Al3+ and silica into 
the solution, which is initially consumed by kaolinite and further by muscovite formation. The 
precipitation of clay minerals at the expense of K-feldspar and later kaolinite is further reflected in 
increasing quartz contents. The main difference between the two models is the difference in the amount of 
dissolved and precipitated phases. Furthermore, due to the presence of bicarbonate, long-term dolomite 
and calcite precipitation occurs where CO2 is present and Clinochlore-7A is unstable and provides 
additional amounts of Mg2+. The final pH for case A is 6.42 and for case B, 5.48.  
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Fig. 1. PhreeqC models for (a) SO2 and (b) CO2 and SO2. For a more detailed description, please refer to the text. 
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